We have synthesized single crystals of Na3Co2SbO6 and characterized the structure and magnetic order by measuring anisotropic magnetic properties, heat capacity, x-ray and neutron single crystal diffraction. Magnetic properties and specific heat of polycrystalline Na3Co2SbO6 were also measured for comparison. Na3Co2SbO6 crystallizes in a monoclinic structure (space group C2/m) with [Co2SbO6] 3− layers separated by Na + ions. The temperature dependence of magnetic susceptibility shows significant anisotropic behavior in the whole temperature range 2 K-350 K investigated in this work. An effective moment of about 5.5 µB/Co 2+ from a Curie-Weiss fitting of the magnetic susceptibility is larger than the spin only value and signals significant orbital contribution. Na3Co2SbO6 single crystal undergoes a transition into a long-range antiferromagnetically ordered state below TN =5 K. Neutron single crystal diffraction confirmed the zigzag magnetic structure with a propagation vector k = (0.5, 0.5, 0). The ordered moment is found to be 0.9 µB at 4 K and align along the crystallographic b-axis. Density functional theory calculations suggest that the experimentally observed zigzag order is energetically competing with the Neel order. It is also found that the covalency between Co d and O p is quite strong and competes with the local spin-orbit coupling, suggesting a J ef f =1/2 ground state may not be realized in this compound.
INTRODUCTION
4d/5d transition metal compounds such as A 2 IrO 3 (A=Li, Na) and α-RuCl 3 have been intensively studied in recent years for possible exotic quantum spin liquid state. [1] [2] [3] These compounds have a quasi-twodimensional structure with weak coupling between layers of honeycomb arranged transition metal ions. The strong spin-orbit coupling in these 4d/5d transition metal ions leads to the effective pseudospin (J ef f = 1/2) electronic state. The in-plane honeycomb arrangement of transition metal ions enables the orbital-dependent hopping processes giving rise to the Kitaev-type interactions. However, all these compounds show a long range magnetic order at low temperatures due to the Heisenberg exchange interactions. Therefore, various approaches have been employed to suppress the long range magnetic order, such as high magnetic fields [4] [5] [6] [7] and chemical substitution [8] [9] [10] [11] . Recently, Liu et al. [12] and Sano et al. [13] proposed that the Kitaev model can be realized in materials based on d 7 ions with an electronic configuration of t (S =3/2, L=1), which also host the pseudospin-1/2 magnetism. One interesting feature for these d 7 candidates is that in the magnetic honeycomb plane the ferromagnetic interactions from e g spins compensate the antiferromagnetic interactions resulting from t 2g electrons. This provides a new approach to tuning the relative magnitude of Heisenburg and Kitaev interactions for the realization of a spin liquid ground state.
One candidate material proposed by Liu et al. [12] is Na 3 Co 2 SbO 6 . The monoclinic structure (space group C 2/m) [14, 15] is shown in Fig. 1 . In the magneto-active layer, Na 3 Co 2 SbO 6 has a honeycomb structure of edgesharing CoO 6 octahedra with one SbO 6 octahedron occupying the center of each honeycomb. These layers are separated by Na. Previous studies [15, 16] on the magnetic properties and specific heat of polycrystalline samples suggest that Na 3 Co 2 SbO 6 orders antiferromagnetically below T N =8.3 K or 4.4 K which might result from the varying sodium stoichiometry. The Curie-Weiss fitting of the high temperature magnetic susceptibility gives a nearly zero Weiss constant and an effective moment around 5 µ B /Co 2+ larger than the expected spin-only value, indicating a significant orbital contribution. Neutron powder diffraction measurement [15] suggests a partially frustrated zigzag ordering with a propagation vector k = (0.5, 0.5, 0) and a magnetic moment of 1.79(4) µ B at 1.5 K aligning nearly normal to the plane of the layer along the crystallographic c-axis.
Considering the quasi-two-dimensional structure of Na 3 Co 2 SbO 6 , anisotropic physical properties are expected which can be learned from investigating single crystals. To the best of our knowledge, single crystals of Na 3 Co 2 SbO 6 have not been available for a detailed study of the intrinsic and anisotropic properties. In this work, we report the growth of millimeter-sized Na 3 Co 2 SbO 6 single crystals and the characterization of structure and physical properties. Single crystal x-ray diffraction measurements confirm the monoclinic C2/m structure and observe diffuse scattering along L due to the stacking faults in the as-grown crystals. Magnetic measurements suggest significant anisotropic behavior in the whole temperature range 2 -350 K. Na 3 Co 2 SbO 6 single crystal orders antiferromagnetically below 5 K. Neu- tron single crystal diffraction confirms the zigzag magnetic structure with a propagation vector k = (0.5, 0.5, 0) as reported in a previous neutron powder diffraction study. However, different from that for the polycrystalline samples, the ordered moment in our single crystals is determined to align along the crystallographic b-axis. Our density functional theory (DFT) calculations show that the experimentally found zigzag ordering is energetically competing with the Néel ordering and suggest that strong covalency should be considered when understanding the electronic state of Na 3 Co 2 SbO 6 .
EXPERIMENTAL DETAILS
Polycrystalline Na 3 Co 2 SbO 6 was synthesized by conventional solid state reaction. The starting materials Na 2 CO 3 (99.995%, Alfa Aesar), Co 3 O 4 (99.7%, Alfa Aesar), and Sb 2 O 3 (99.9%, Alfa Aesar) were mixed in the molar ratio of 1.65:0.67:0.5. A 10% excess Na 2 CO 3 was added to compensate the evaporation loss during sintering. The homogeneous powder was pelletized and then placed in an alumina crucible with a lid and heated to 800
• C in 20 hrs and held at this temperature for 48 hrs. The resulting product was ground and pelletized again and heated to 900
• C and held there for 48 hrs before cooling to room temperature. Room temperature x-ray powder diffraction confirmed that the sample is single phase after the second sintering. The refinement of all powder diffraction patterns in this work is performed using the monoclinic C 2/m structure following ref [14, 15] and our single crystal x-ray diffraction study. The lattice parameters from Rietveld refinement are a=5.3557(8)Å, b=9.2701(10)Å, c=5.6486(6)Å, and β=108.40 (2) • . The lattice parameters are comparable to those reported by Wong et al. [15] A dense pellet of Na 3 Zn 2 SbO 6 was also synthesized using a similar procedure. The temperature dependence of specific heat of Na 3 Zn 2 SbO 6 was used as the phonon reference when estimating the entropy release across magnetic order of Na 3 Co 2 SbO 6 .
To grow single crystals of Na 3 Co 2 SbO 6 , the above fired pellets were reground together with 30wt% excess Na 2 CO 3 . After a thorough mixing, the mixture was pelletized and placed in a Pt crucible with a lid (see Fig. 2 ). The growth ampoule was then put in a box furnace and heated to 1100
• C in 10 hrs, held there for 48 hrs, and then cooled to 800
• C in 24 hrs. The furnace was then shut down to cool to room temperature.
Some crystals were ground into fine powder for xray powder diffraction. Room temperature X-ray powder diffraction patterns were collected on a PANalytical XPert Pro MPD with a Cu-K α,1 incident-beam monochromator.
Elemental analysis confirmed the atomic ratio of Na, Co, and Sb, which was carried out on as-grown crystals using a Hitachi-TM3000 microscope equipped with a Bruker Quantax 70 EDS system.
The magnetic properties were measured with a Magnetic Property Measurement System (Quantum Design, QD) in the temperature interval 2 K ≤ x ≤ 350 K. Specific heat was measured with a QD Physical Property Measurement System (PPMS) in the temperature inter-val 1.90 K ≤ x ≤ 250 K. We tried to measure electrical resistivity of Na 3 Co 2 SbO 6 crystals; however, the total resistance is too large and no reliable resistivity data could be obtained.
X-ray single crystal diffraction was performed to determine the crystal structure using a Rigaku single crystal X-ray diffractometer at SNS, ORNL. Neutron single crystal diffraction was performed to determine the magnetic structure at the HB-3A four-circle diffractometer at the High Flux Isotope Reactor of the Oak Ridge National Laboratory. A neutron wavelength of 1.003Å was used from a bent perfect Si-331 monochromator. [17] The neutron diffraction data refinements are based on 85 magnetic and nuclear reflections with the program Fullprof.
RESULTS AND DISCUSSION

X-ray single crystal diffraction
Plate-like single crystals with a regular hexagon shape were found on the inner surface of the Pt crucible as illustrated in Fig. 2 . After crystal growth, the starting pellet was porous and some voids were observed. These observations suggest that the crystal growth occurs with the aid of Na 2 CO 3 vapor. As shown in Fig. 3(a) , the as-grown hexagon-shaped crystals are typically 1-2 mm long for each edge. Room temperature x-ray powder diffraction of pulverized single crystals observed no impurity. Rietveld refinement of the diffraction pattern using monoclinic C 2/m gives the lattice parameters of a=5.3708(3)Å, b=9.2631(5)Å, c=5.6485(4)Å, and β=108.50(2)
• . Compared to the polycrystalline samples used for the crystal growth (see experimental details), Na 3 Co 2 SbO 6 single crystals have a larger a-lattice. As discussed later, this a-lattice seems to be a good indicator of the magnetic ordering temperature.
To further confirm the monoclinic symmetry of our single crystals, we performed x-ray single crystal diffraction at room temperature. The x-ray diffraction pattern shown in Fig. 3(a) )shows well-shaped spots close to trigonal symmetry. Automatic indexing of our single crystal diffraction data indeed tends to return a hexagonal unit cell but relative intensities of the reflections indicated a slight preference for monoclinic symmetry. In the reported crystal structure of Na 3 Co 2 SbO 6 the individual Na layers and the individual Co 2 SbO 6 slabs have very nearly six-fold symmetry, and it is the manner in which the layers are displaced relative to one another in the stacking sequence that results in an overall monoclinic symmetry. [14] Diffuse spot shapes along the stacking directing indicate stacking faults are prevalent in the crystals, which may be partly responsible for the ambiguity in symmetry. The stacking faults can be modeled approximately by allowing Co and Sb to mix on their respective sites, as described below. We checked all the integrated intensities in trigonal symmetry and also monoclinic symmetry within WinGX. P 6/mmm and C 2/m give comparable merging R-factors. However, a careful investigation of the Bragg peak intensities shown in Fig. 3(b) suggests that the trigonal symmetry is not satisfied. Our analysis concluded space group symmetry is C 2/m which gives the smallest merging R-factor of 0.012.
A summary of single crystal x-ray diffraction data and refinement parameters for Na 3 Co 2 SbO 6 crystals is provided in Table I . Altogether 444 unique peaks were obtained at room temperature with R int = 1.2%. The refinement was performed with Fullprof suite and it is well converged with R f actor =1.80 % and χ 2 =1.36. It is worth mentioning that the refinement was performed with ∼10% Co/Sb antisite disorder, i.e. Co and Sb switch positions. Including Co/Sb antisite disorder can significantly improve the fitting as this accounts for the peak 
intensity suppression by the stacking faults. In an octahedral environment, the ionic radius of 0.745Å for Co
2+
is larger than 0.60Å for Sb 5+ . [18] We cannot rule out the possibility of Co/Sb antisite disorder. However, considering the observation of stacking faults and the fact that sliding the honeycomb layers along any honeycomb bond direction leads to Co/Sb on top of Sb/Co sites, we tend to look at the amount of antisite defects as an indicator for the amount of stacking faults. Table II shows the atomic coordinates, occupancy, and anisotropic displacement parameters. The refinement suggests Na sites are not fully occupied. This Na nonstoichiometry might account for the variation of T N of different Na 3 Co 2 SbO 6 samples.
The formation of stacking fault may be an intrinsic feature of Na 3 Co 2 SbO 6 or come from the crystal growth. As suggested by Zvereva et al., [14] the monoclinic and the trigonal structures are very similar in both metrics and lattice energy, which leads to the natural formation of stacking faults. On the other hand, the growth technique employed in this work may also facilitate the formation of stacking faults. The observation of Na 3 Co 2 SbO 6 crystals on the upper part of the Pt crucible signals a vapor transport growth mechanism. Since the Pt crucible is just loosely covered by a Pt lid, all factors affecting the gas flow inside of the Pt crucible and the evaporation of Na 2 CO 3 , such as the temperature profile, or the amount of Na 2 CO 3 , can affect the growth kinetics and thus formation of lattice defects. Figure 4 shows the temperature dependence of the magnetic susceptibility measured in a magnetic field of 10 kOe applied either perpendicular,χ ⊥ , or parallel, χ , to the honeycomb plane. The anomaly around 5 K in both χ and χ ⊥ curves signals the long range magnetic order, which is further confirmed by specific heat and neutron single crystal diffraction measurements. The magnetic susceptibility is quite anisotropic with χ larger than χ ⊥ in the whole temperature range investigated 2 -350 K. At room temperature, χ ≈1.2χ ⊥ . This difference increases with decreasing temperature to χ ≈6χ ⊥ around 5 K. Below 5 K, χ ⊥ shows little temperature dependence while χ decreases quickly upon further cooling. The different temperature dependence of magnetic susceptibility below 5 K suggests that the spins are aligned in ab plane. This is confirmed by neutron single crystal diffraction measurements presented later. Figure 4 (a) also shows the inverse magnetic susceptibility. The dashed lines highlight the deviation from a linear temperature dependence for 1/χ ⊥ below ∼150 K and for 1/χ above ∼250 K. The latter is similar to that observed for polycrystalline sample. [16] We then fit the χ data in the temperature range 150 K≤T≤350 K using χ(T)=χ 0 +C/(T-θ), where χ 0 is the temperature independent term, C is the Curie constant and θ the Weiss constant. The fitting of χ ⊥ gives χ 0 =-2×10 −4 emu/mol, θ c =-170 K and µ ef f (c)=5.60 µ B /Co 2+ . For χ , the fitting suggests χ 0 =-5×10 −3 emu/mol, θ ab =-4 K and µ ef f (ab)=5.48 µ B /Co 2+ , respectively. The large difference between θ ab and θ c is surprising. As presented later, our density functional theory calculations suggest these anomalies result from the single ion anisotropy and the antiferromagnetic interlayer coupling in Na 3 Co 2 SbO 6 . The strong single ion anisotropy can lead to abnormal effective Weiss temperatures, which makes the interpretation of the Weiss constant more complicated. [19] The Co 2+ ions in an octahedral crystal field have an electronic configuration of t are larger than the expected spin-only value, which signals significant orbital contribution. The above experimental values are also much larger than µ ef f = 3.75µ B /Co 2+ expected for the pseudospin-1/2 case proposed theoretically. [12, 13] This theoretical value is determined by µ ef f = g J J(J + 1) with
Magnetic properties
where g L,S are the g factor for the effective orbital moment and the spin moment, respectively, given by g L = − 2 3 and g S = 2. [20] The powder average value of magnetic susceptibility was obtained as 1/3χ ⊥ +2/3χ and plotted in Fig. 4(b) . Also plotted in Fig. 4(b) is χ(T ) of polycrystalline Na 3 Co 2 SbO 6 used for crystal growth in this study. The powder average is close to χ(T ) of the polycrystalline sample but they do not overlap with some difference especially at low temperatures. The reason is that the polycrystalline sample orders magnetically at T N =7.8 K where a cusp in χ(T ) curve was observed. This T N is close to 8.3 K reported by Wong et al [15] for their polycrystalline samples. The magnetic ordering temperature of our single crystals of 4.8 K is similar to 4.4 K reported by Viciu et al. [16] for their polycrystalline samples.
All samples synthesized in different groups have comparable b-lattice, c-lattice, and β angle, but can be classified into two groups following their a-lattice: a=5.3557(8)Å of our polycrystalline sample is comparable to a=5.3565(1)Å of Wong's polycrystalline sample; a=5.3708(3)Å for our single crystals is comparable to 5.3681(2)Å of Viciu's polycrystalline samples. The comparison suggests that samples with a larger a-lattice have a lower T N and a-lattice can thus be a good indicator of the Neel temperature.
The variation of T N can result from Na nonstoichiometry as proposed by Wong et al. [15] Our single crystal diffraction suggests some Na deficiency. It is worth mentioning that the Na content can be purposely controlled by chemical deintercalation. [21, 22] This might be employed to suppress the long range magnetic order of Na 3 Co 2 SbO 6 . The effects of Na content on the magnetism and structure deserve further investigation. One more factor that might affect T N is the stacking fault. As evidenced by the x-ray single crystal diffraction measurements, our single crystals have stacking faults. A disturbed stacking is expected to suppress the long range magnetic order of Na 3 Co 2 SbO 6 . However, we want to mention that in α-RuCl 3 the stacking fault induces magnetic order at temperatures higher than T N =7 K.
[23] Figure 5 shows the field dependence of magnetization for polycrystalline sample and single crystals. While a nearly linear field dependence was observed when the field is applied long c-axis, the magnetization of polycrystalline samples and single crystals with field applied in ab-plane tends to saturate at high fields even at 30 K. At 2 K, the magnetization in an applied field of 60 kOe is 2.25 µ B /Co 2+ for our polycrystalline sample, slightly larger than 2 µ B /Co 2+ for our single crystals. Both val- ues are comparable to those reported previously [15, 16] , however, much larger than 0.70 µ B /Co 2+ when the external magnetic field is applied along the c-axis. The field derivative, dM/dH, shows a maximum around 10 kOe for polycrystalline samples and 9 kOe for single crystals with field applied in ab-plane, signaling the field induced spinflop transition. [15, 16] However, this feature is absent for single crystals when the magnetic fields are applied along the c-axis. This anisotropic behavior suggests that the magnetic moments are aligned in the ab-plane. This is consistent with the anisotropic temperature dependence of magnetic susceptibility shown in Fig. 4 and our neutron single crystal diffraction measurements further confirm that the moment aligns along the crystallographic b-axis. Figure 6 shows the temperature dependence of the specific heat of both polycrystalline pellet and single crys- 
Specific heat
tals. A lambda-type anomaly signals the occurrence of a long range magnetic order of Co
2+ around 5 K in Na 3 Co 2 SbO 6 single crystals and around 8 K for the polycrystalline sample. The magnetic ordering temperature obtained from specific heat data agrees with that determined from magnetic susceptibility shown in Fig. 4 and neutron single crystal diffraction presented later in Fig. 8 . In order to estimate the entropy release across the magnetic order, specific heat of Na 3 Zn 2 SbO 6 was measured and used as the phonon reference. The entropy release is 6.7J/mol K and 7.7J/mol K for the single crystal and the polycrystalline pellet, respectively. The entropy release is much lower than the theoretical spin-only value of 23 J/mol K for Co 2+ but larger than 5.76 J/mol K expected for the pseudospin-1/2 case. Figure 7(a) and (b) show the field dependence of magnetic specific heat obtained by subtracting the specific heat of Na 3 Zn 2 SbO 6 from that of Na 3 Co 2 SbO 6 measured in different magnetic fields. We monitored and plotted in Fig. 7(c) the field dependence of T max which is defined as the temperature where the magnetic specific heat has a maximum. Below ∼6 kOe, T max of polycrystalline sample decreases from 6.60 K in zero magnetic field to 6.52 K in a field of 4 kOe. Above ∼6 kOe, T max increases rapidly with increasing fields as shown in Figure 7 (c). For the single crystal sample, T max has a larger shift to higher temperatures when the magnetic fields are applied in abplane than perpendicular to the plane. This field dependence of magnetic order is quite different from that of α-RuCl 3 where an in-plane field suppresses the long range magnetic order. [4] [5] [6] [7] FIG. 7. (color online) (a, b) Magnetic specific heat in different magnetic fields for (a) polycrystalline and (b) single crystal Na3Co2SbO6 with fields applied perpendicular to the crystal plates. The magnetic specific heat, CP M ag was obtained by subtracting the specific heat of Na3Zn2SbO6 which is used as phonon reference. (c) Field dependence of Tmax. Tmax is defined as the temperature where the magnetic specific heat has a maximum. The solid and dashed curves are a guide to the eyes.
Neutron single crystal diffraction
To further confirm the magnetic order and to determine the magnetic structure, we performed a neutron single crystal diffraction study using one piece of single crystal of about 1 mg. Survey of magnetic propagation vectors at 4 K returns (1/2, 1/2, 0). Figure. 8(a) shows the evolution with temperature of the intensity of the (0.5 0.5 -1) reflection. The temperature dependence suggests T N =5.5 K. The best refinement suggests that the Co moments of 0.90(3) µ B /Co at 4 K are in the honeycomb layers and along the b-axis. The fitting quality is displayed in Fig. 8(b) by plotting the observed squared structure factors versus the calculated ones. The zigzag magnetic arrangement in ab-plane is shown in Fig. 8(c) . The neighboring layers with the same in-plane zigzag arrangement stack on top of each other along the crystallographic c-axis.
We noticed that the moment direction along the caxis is proposed based on a neutron powder diffraction study. [15] Compared to our single crystals with T N =5 K, the polycrystalline sample investigated by Wong et al. has a magnetic order at 8.3 K and a smaller a-lattice. It would be interesting to further investigate the effects of Na content on the magnetic structure.
DFT calculations
In order to understand the magnetic behavior of Na 3 Co 2 SbO 6 , we performed the density functional theory (DFT) calculations. We used the generalized gradient approximation and projector augmented wave (PAW) approach [24] as implemented in the Vienna ab initio simulation package (VASP) [25, 26] . For Co, Sb and O, standard potentials were used (Co, Sb and O in the VASP distribution), and for Na a potential in which p states are treated as valence states is used (Na pv ). As an energy cutoff, we chose 550 eV. To account for correlation effects the local U is included on the Co d states [27] . Here, several values of U ef f = U − J H are considered including U ef f = 4.4 eV [28] . The SOC is also turned on.
First, we checked the magnetic ground state. We use the structural parameters obtained in our single crystal x-ray diffraction measurements, but the unit cell is doubled along a and b directions to accommodate the experimental zigzag magnetic ordering with the 2 × 2 × 2 k-point grid. In addition to the zigzag state, we also considered Néel ordered state. With U ef f = 4.4 eV, the Néel ordered state is found to be more stable than the zigzag state by 0.10 eV per Co. The relative energy between the two magnetic states is reversed with reducing U ef f ; at U ef f = 1 eV the zigzag state is more stable than the Néel state by 0.01 eV per Co. Figure 9 shows the total density of state (DOS) and partial DOS projected on Co d states computed with U ef f = 4.4 eV. The Néel state (a) and the zigzag state (b) give nearly identical DOSs with an excitation gap ≈ 2.5 eV. The gap value is reduced to ≈ 0.8 eV at U ef f = 1 eV. Thus, the difference between the two magnetic states is rather subtle.
In the presence of trigonal distortion and spin-orbit coupling the ground state doublet is given, in the basis of |Lz, Sz , by: | ± 1 =c1| ∓ 1, ±3/2 +c2|0, ±1/2 +c3| ± 1, ∓1/2 , where the coefficients c1, c2, and c3 are real numbers and are determined by δ/λ. δ describes the trigonal crystal field and λ the spin-orbit coupling. [29, 30] Our DFT calculations show that the spin moment S and the orbital moment L are parallel (see table III, S and L have the same sign). While this is consistent with the J ef f = 1/2 picture as proposed in [12, 13] , the ordered spin moment is rather large, comparable to the one expected for the high-spin S z = 3/2 state, and the reduction due to the mixing with S z = ±1/2 states seems to be small. This implies that the atomic SOC is competing with the trigonal crystal field in determining the ground state. From our DFT results, we suspect that the covalencey plays an important role to determine the electronic state of Na 3 Co 2 SbO 6 . As seen in the density of states in Fig. 9 , Co t 2g states (mainly majority spins, but minority spins as well) and O p states are strongly hybridized at −6 E −1 (eV) below the Fermi level. Such strong covalency would suppress the mixing between the S z = 3/2 state and the S z = ±1/2 states by competing with the local SOC. However, it would be necessary to treat correlation effects more accurately going beyond the DFT framework.
Next, we focus on the on-site spin anisotropy and the interlayer exchange coupling that could provide some insight into the anisotropic magnetic susceptibility.
Those interactions could be modeled by
represents the average exchange coupling for the z(y) component of the spins between neighboring two layers, K is the single-site spin anisotropy, and E 0 is the energy offset appearing in the DFT calculation. These parameter values can be estimated by comparing the energy of the following 4 magnetic states: ferromagnetic states and layered antiferromagnetic states, which have in-plane ferromagnetic spin alignments and out-of-plane antiferromagnetic alignments, with the spin orientation either along the y direction or the z direction. Considering these magnetic orderings, DFT calculations are carried out using the experimental structure doubled along the b direction and 4 × 4 × 2 k-point grid with the other settings mentioned previously. While the actual magnetic ground state depends on U ef f , the sign of interlayer exchange and the single-site anisotropy turned out to be independent of the value of U ef f ; the out-of-plane exchange is antiferromagnetic, and the anisotopy is uniaxial (table III). Note that this does not contradict with the ground state magnetic ordering, either Néel at large U ef f or zigzag at small U ef f , that has ferromagnetic spin alignment between two neighboring layers. These magnetic states are mainly stabilized by in-plane magnetic interactions. While the precise form remains to be determined within the current DFT study, [12, 13] in-plane interactions compete with J ⊥ and K and are expected to have some frustration arising from either Kitaev and Γ terms or longer-range exchange. Thus, the trace of magnetic interactions is expected to become small due to the cancellation between different terms. The Fermi level is located at E = 0. Occupied states at −1 E < 0 (eV) are mainly from Co eg majority spin states and t2g minority spin states. Lower energy states located at −6 E < −1 are mainly from Co t2g majority spin states and O p states, but Co t2g minority spin states also have significant weights.
SUMMARY
In summary, we have reported the crystal growth, structure, and magnetic order of Na 3 Co 2 SbO 6 single crystals. Single crystal x-ray diffraction measurements confirm the monoclinic C2/m structure and find diffuse scattering along L due to the stacking faults in the asgrown crystals. Magnetic measurements suggest significant anisotropic behavior in the whole temperature range 2 K-350 K. Na 3 Co 2 SbO 6 single crystal orders magnetically below 5 K into the zigzag magnetic structure with a propagation vector k = (0.5, 0.5, 0). The ordered moment is found to be 0.9 µ B at 4 K and align along the crystallographic b-axis. Our DFT calculations showed that the experimentally found zigzag ordering is energetically competing with the Néel ordering. The zigzag ordering is only stable at relatively small U ef f ( 1 eV).
The spin moment and the orbital moment on a Co ion are found to be parallel irrespective of the magnetic ordering. While this is consistent with the proposed J ef f = 1/2 picture, the ordered spin moment is comparable to the one from a S z = 3/2 state, and the influence of the SOC appears to be small. This might indicate that the covalency plays an important role to determine the electronic state of Na 3 Co 2 SbO 6 . Thus, it is necessary to go beyond the standard DFT approach to describe the electronic property of Na 3 Co 2 SbO 6 .
